. Transcriptional corepressor MTG16 regulates small intestinal crypt proliferation and crypt regeneration after radiation-induced injury.
tations in DNA repair genes such as BRCA1 and BRCA2 (13, 35) or in DNA damage response genes such as Tp53 (32) and B-cell lymphoma 6 protein (BCL6) (30) . Sensitivity to intestinal radiation-induced injury may be further influenced by changes in cell cycle kinetics, synchronization of replicating cell populations, or inhibition of effective DNA repair (6, 42) . Typically, DNA repair of radiation-induced DNA double-strand breaks depends on the activation of DNA damage response programs that induce phosphorylation of histone H2A.X and activation of a number of mediators that phosphorylate p53. Together, the actions of these proteins ultimately lead to DNA repair or apoptosis if DNA repair is insufficient (44) .
Myeloid translocation genes (MTGs) were discovered in acute myeloid leukemia (33) . The MTGs, MTG8, MTGR1, and MTG16, serve as scaffold proteins and facilitate the formation of transcriptional repression complexes containing histone deacetylases (HDACs), nuclear receptor corepressor 1 (NcoR), and mammalian switch-independent 3A (mSin3A) (3, 11, 28, 46) . Because MTGs are unable to bind DNA directly, association with transcription factors such as BCL6, promyelocytic leukemia zinc finger (PLZF), and T-cell factor 4 (TCF4) dictate target specificity (34) . We have recently shown that MTGs compete with ␤-catenin for TCF4 occupancy and MTG binding attenuates TCF4-mediated transcriptional activation (34) . Given that TCF4 is critical for stem cell renewal in the adult intestine (14) , MTGs may regulate key stem cell signaling pathways necessary for homeostasis and injury repair (11, 34) . In support of this concept, Mtg16 Ϫ/Ϫ mice have stressinduced hematopoietic stem cell defects (10) , as well as abnormal crypt regeneration in the colon after injury-induced inflammation (47) . However, the effect of Mtg16 deletion on small intestine injury responses has yet to be determined.
Given that MTG16 impacts colonic responses to chemically induced colitis, we hypothesized that MTG16 may alter radiation-induced small intestinal regenerative responses. In the present study, we link MTG16 to epithelial regeneration after radiation-induced injury. At baseline, Mtg16 Ϫ/Ϫ mice exhibited decreased goblet cell numbers and higher proliferation. Furthermore, after 12 Gy whole body radiation, Mtg16 Ϫ/Ϫ mice showed protection from radiation-induced DNA damage and p53 activation. Ex vivo culturing of Mtg16 Ϫ/Ϫ enteroids revealed increased Wnt responsiveness and delayed matura-
tion. Complementary to in vivo findings, Mtg16
Ϫ/Ϫ enteroids were more radioresistant than WT counterparts, indicating an epithelial cell-autonomous role for Mtg16 in radiation-induced epithelial responses. Lastly, examination of a postirradiation gene expression array dataset indicated that during the proliferative recovery phase Mtg16 expression was reduced in stem cell populations.
MATERIALS AND METHODS

Mouse Models
WT (C57BL/6 background) mice were obtained from the Jackson Laboratories. Mtg16 Ϫ/Ϫ mice were obtained from S. W. Hiebert (Vanderbilt University) and have been described in detail (10) . All experiments were performed with 8-to 12-wk-old WT and Mtg16 Ϫ/Ϫ male and female mice on C57BL/6 background. All in vivo experimental procedures were performed under guidelines approved by the Vanderbilt Institutional Animal Care and Use Committee.
Gamma Irradiation
WT and Mtg16
Ϫ/Ϫ mice were placed in a plexiglass-partitioning device and onto a turntable delivery platform, ensuring uniform radiation dosing of all mice. Mice received 12 Gy whole body radiation from a Mark I 137 Cs source delivered at 1.58 Gy/min. To assess early injury responses, mice were killed 4 h after irradiation, a time known in WT mice to be associated with maximal induction of p53-mediated apoptosis (25) .
To assess regenerative response, WT and Mtg16 Ϫ/Ϫ mice were dosed with 12 Gy irradiation as described above. Ninety-three hours after irradiation, mice were injected with 0.02 mg/kg of vincristine sulfate (Sigma-Aldrich, St. Louis, MO) to arrest cells in metaphase, facilitating identification of crypt cells entering mitosis over the 3-h period between administration and tissue harvest (1, 36) . Mice were euthanized 3 h later (see Fig. 4A ) at the 96-h time point. The 96-h postirradiation time point was chosen as it is a time point of crypt regeneration (27, 39, 45) .
Immunohistochemistry and Immunofluorescence
Baseline characterization. Following death, small intestines were removed, rinsed with PBS, and Swiss-rolled for histological examination. The tissues were fixed in 10% formalin overnight and transferred to 70% ethanol. Tissues were submitted to the Vanderbilt University Translational Pathology Shared Resource (TPSR) core for processing and paraffin embedding. Five-micrometer sections were cut for histology. The distal one-third of small intestinal sections from WT and Mtg16 Ϫ/Ϫ mice was evaluated for crypt morphology, crypt depth, villus height, and biomarkers of proliferation and secretory lineages. Goblet cells were identified by periodic acid-Schiff (PAS) staining. Enteroendocrine cells were assessed by chromogranin A (CgA) staining using anti-CgA (ImmunoStar, Hudson, WI) at 1:1,000 dilution. Paneth cells were identified using anti-lysozyme antibody (Dako, Carpentaria, CA) at 1:500 dilution. Proliferation was measured using anti-phospho-histone H3 (pH3) Ser10 antibody (Millipore/Upstate, Bedford, MA) that labels cells in the mitotic (M) phase of the cell cycle at 1:150 dilution. Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA) was used for secondary antibody and visualization.
Four hours postirradiation analyses. Small intestines were harvested 4 h postirradiation and ϳ3-to 4-cm segments of the distal small intestine were excised and further dissected before snap freezing in liquid nitrogen for use in subsequent flow cytometric analysis (8, 9) . The remaining section of the distal small intestine was Swissrolled, fixed, and submitted to the Vanderbilt TPSR core for processing and sectioning. For phospho-histone H2A.X immunofluorescence, antigen retrieval was performed by using 500 ml of 1 M sodium citrate buffer (pH 6.0). Slides were placed in a pressure cooker and heated for 15 min on high pressure. Slides were then rinsed with deionized H 2O to remove excess citrate buffer. Tissue sections were permeabilized by adding 50 l of 0.1% Tween 20 to each section and allowed to incubate for 30 min in a covered chamber. Slides were washed twice to remove permeabilization buffer. Tissue sections were blocked in 5% goat serum in TBS. Anti-phospho-histone H2A.X (Ser139) from Millipore (EMD Millipore, Billerica, MA) was used at 1:100 dilution and slides incubated overnight at 4°C. Isotype-matched antibodies were included as negative controls. Sections were then washed in 1ϫ PBS and incubated for 1 h at room temperature in Alexa Fluor 488 goat anti-mouse-IgG (Invitrogen, Grand Island, NY) at 1:100 dilution. Slides were counterstained and mounted with ProLong Gold Antifade with DAPI (Invitrogen).
Ninety-six hours postirradiation analyses. At 96 h postirradiation, small intestines were harvested and Swiss-rolled as described above. Crypt regeneration was assessed by examination of hematoxylin and eosin-stained sections for the number of mitotic figures present per crypt in the distal one-third of the small intestine.
Flow Cytometric Analysis of Epithelial Cell Isolates
Flow cytometric analysis of epithelial cell isolates including both crypt and villus populations was performed as previously described (9) . Frozen tissue segments were thawed in calcium and magnesium free 1ϫ Dulbecco's phosphate-buffered saline (DPBS). DPBS was decanted and samples were resuspended in cold Hanks' balanced salt solution (HBSS) containing 3 mM ethylenediaminetetraacetic acid (EDTA) and dithiothreitol (DTT) for 1 h with gentle shaking every 15 min. HBSS/EDTA/DTT solution was decanted and epithelial cells from crypts, and villi were resuspended three times in 25 ml of 1ϫ DPBS. After each resuspension, conical tubes were shaken vigorously for a minimum of 30 s. The cell suspension was passed through a 70-m cell strainer to remove clumps. Epithelial cells were pelleted, centrifuged at 1,500 rpm for 10 min, and resuspended in 1 ml of 1ϫ DPBS. Cells were manually counted using a hemocytometer. Cells (1 ϫ 10 6 ) were resuspended in 1 ml of 37% formaldehyde (Ted Pella, Redding, CA) diluted to a final concentration of 4% and incubated at room temperature for 10 min. Epithelial cell isolates were stained according to manufacturer's instructions for expression of the following antibodies: biotinylated E-cadherin (Abcam, Cambridge, MA) and streptavidin-peridinin chlorophyll protein (PerCP)-Cy5.5 tagged antibody (BD Bioscience, San Jose, CA) were used to identify epithelial cells. Phospho-histone H2A.X (Ser139) PE conjugated antibody (Cell Signaling, Danvers, MA) was used to identify DNA damage in epithelial cells. p53 antibody conjugated to Alexa Fluor 488 (Cell Signaling) was used as a marker to detect p53 induction since this is a critical mediator of radiation-induced apoptosis or DNA repair. All cells were analyzed by flow cytometry on a Becton Dickinson LSR II and first gated for E-cadherin expression. At least 10,000 events were collected. The percentage of epithelial cells positive for phosphohistone H2A.X or p53 was calculated using FlowJo software (TreeStar, Ashland, OR).
Apoptosis Assays
Apoptosis in epithelial cell isolates was quantified using the Cell Death Detection ELISA PLUS kit (Roche Applied Sciences, Indianapolis, IN) following the manufacturer's protocol. Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) staining on tissue sections was conducted with ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (EMD Millipore, Billerica, MA) according to the manufacturer's protocol. Control stains were obtained by omitting the terminal deoxynucleotide transferase (TdT) enzyme. Crypt apoptotic indexes were generated by averaging the number of apoptotic cells in 40 sequential, well-aligned crypts per mouse in the distal one-third of the small intestine. This is presented as the mean number of TUNEL ϩ cells per crypt in each animal.
Enteroid Cultures
The crypt-enteroid culture method was modified from Sato et al. (29, 40) . Briefly, mouse proximal small intestine (ϳ10 cm) was excised, opened longitudinally, and washed with ice-cold 1ϫ DPBS. The intestine was cut into small pieces and incubated in ice-cold 1ϫ DPBS containing 1 mM EDTA on a rocking platform for 30 min. After being rinsed once with ice-cold PBS to remove EDTA, the intestinal fragments were resuspended three times by gentle shaking in 5 ml of ice-cold 1ϫ DPBS. After each resuspension, the supernatant was collected and passed through a 70-m cell strainer (Fisher Scientific) to remove villus fragments. The cell strainer was cleared using 5 ml of dissociation buffer. Four-hundred crypts were resuspended in Matrigel (BD Bioscience) containing growth factors all obtained from R&D Systems (Minneapolis, MN): 50 ng/ml EGF, 100 ng/ml Noggin, and 500 ng/ml R-spondin (ENR media) or 100 ng/ml Wnt3A ϩ ENR (WENR media). Neither media nor growth factors were replaced throughout the course of the experiment. Plating efficiencies were calculated by dividing the total number of enterospheres formed by the original number of crypts plated at day 0 and multiplying by 100. Enterospheres were visualized and counted at 24, 48, and 72 h after plating. Experiments were performed in duplicate and repeated three times.
Statistical Analysis
Statistical analysis and graphs were generated using GraphPad Prism 6.0. All data are represented as the standard deviation, unless stated otherwise. Student t-test was performed to compare two groups. One-way ANOVA with Tukey's multiple comparison tests was performed to compare more than two groups. P Ͻ 0.05 was considered statistically significant. Ϫ/Ϫ mice (n ϭ 7 in each group; P ϭ 0.16). All images were captured at ϫ10 magnification.
RESULTS
MTG16 Regulates Crypt Proliferation and Goblet Cell Numbers In Vivo
Previous studies have demonstrated that MTGs regulate lineage specification and proliferation in a number of tissues [hematopoiesis (10, 26) ; colon (47)]. In the small intestine, Mtgr1 knockout mice exhibit defects in secretory lineage allocation (2), while loss of Mtg16 has been reported to promote colonocyte proliferation and exacerbate colonic response to injury (47) . The role of MTG16 in small intestinal biology is unknown. To define whether MTG16 deletion alters morphology, proliferation, or secretory cell lineage allocation in the small intestine, we performed a histological characterization of Mtg16 Ϫ/Ϫ mice. Mtg16 Ϫ/Ϫ mice had normal crypt architecture with both villus height and crypt depth being comparable to WT mice (Fig. 1A) . In contrast, pH3
ϩ cells per crypt-villus unit were increased in Mtg16 Ϫ/Ϫ intestine (Fig. 1B) , indicating increased enterocyte proliferation. There were no significant differences in the numbers of enteroendocrine or Paneth cells (Fig. 1C) . However, PAS-labeled goblet cells per cryptvillus unit were significantly reduced in Mtg16 Ϫ/Ϫ mice (Fig. 1C) . Thus MTG16 regulates proliferation in the small intestinal crypts and is required for efficient goblet cell production.
MTG16 Is Critical for Radiation-Induced DNA Damage Response
To assess intestinal injury responses, WT and Mtg16 Ϫ/Ϫ mice were exposed to 12 Gy of ionizing radiation. DNA damage and apoptosis were quantified 4 h postirradiation ( Fig.  2A) , the peak time for detection of p53-induced apoptosis in the small intestine in response to irradiation (25) . Flow cytometric analysis for phospho-histone H2A.X on epithelial isolates from irradiated WT and Mtg16 Ϫ/Ϫ mice revealed significantly decreased levels in Mtg16 Ϫ/Ϫ intestine compared with WT (Fig. 2B) . This was confirmed by immunofluorescence staining of WT and Mtg16 Ϫ/Ϫ intestine for phospho-histone H2A.X (Fig. 2C) . In addition, while analysis of p53 ferences between the cohorts (Fig. 3A) , analysis of phosphohistone H2A.X/p53 double-positive epithelial cells indicated a significant reduction in the percentage of double-positive cells in epithelial isolates from Mtg16 Ϫ/Ϫ mice at 4 h postirradiation (Fig. 3B) . Furthermore, apoptosis assessed by cell death ELISA was also reduced in Mtg16 Ϫ/Ϫ intestine (Fig. 3C ). Taken together, these data suggest that Mtg16 deletion protects from injury via decreased triggering of apoptosis after radiation-induced injury.
MTG16 Loss Promotes Crypt Regeneration
Since we observed decreases in DNA damage and apoptosis, we postulated that MTG16 would impact crypt regenerative dynamics in response to ionizing radiation (4, 25, 31, 36) . Therefore, we exposed WT and Mtg16 Ϫ/Ϫ mice to 12 Gy irradiation followed by a 93-h recovery period (Fig. 4A) . Three hours before death, mice were injected with vincristine, a mitotic inhibitor, facilitating identification of regenerative crypts. At the 96-h time point, proliferation of stem cells leads to crypt regeneration (24, 31, 38, 39) . Mtg16 Ϫ/Ϫ mice had 20% increased crypt viability compared with WT mice (Fig. 4B ) with a concurrent reduction in TUNEL-positive intestinal epithelial cells (Fig. 4C) . Taken together, these data indicate that the absence of MTG16 protects the epithelium from radiationinduced apoptosis during the regenerative phase, as well.
MTG16 Impacts Stem Cell Growth, Maturation, and Wnt3A Response
To investigate the mechanisms by which MTG16 might contribute to stem cell survival we examined growth patterns of three-dimensional enteroid cultures of crypts isolated from WT and Mtg16 Ϫ/Ϫ mice. Specifically, we calculated the enterosphere forming efficiency. We considered enterospheres to be "spherical structures composed of several small intestinal epithelial cells that appear as a rounded-off epithelial cysts" when evaluated 24 h postplating (43) . There were no differences in plating efficiencies between the two groups when cultured in Matrigel containing EGF, Noggin, and R-spondin (ENR) (Fig. 5A) . Because MTG16 is a negative regulator of Wnt signaling, as it can competitively bind to TCF4 and oppose ␤-catenin-dependent transcriptional activation (34), we postulated that Mtg16 Ϫ/Ϫ enteroids may be hyperresponsive to Wnt activation. Therefore, we added Wnt3A ϩ ENR (WENR) to the Matrigel and plated freshly isolated crypts. In WENR-supplemented crypt cultures, there was a 50% higher plating efficiency of Mtg16 Ϫ/Ϫ crypts (Fig. 5B ).
Interestingly, Mtg16
Ϫ/Ϫ enteroids also showed reduced progression to budding enteroids compared with WT enteroids at 72 h postplating (Fig. 5C ). These observations suggest that MTG16 affects stem cell growth and maturation in a Ϫ/Ϫ (n ϭ 5) mice (*P ϭ 0.02). C: apoptosis was measured by cell death ELISA (*P ϭ 0.03; n ϭ 10 in each group).
Wnt-dependent manner, such that loss of Mtg16 promotes increases in Wnt responsiveness.
MTG16 Modulates Intestinal Stem Cell Regenerative Response after Irradiation
Because increased crypt regeneration was observed in vivo after irradiation of Mtg16 Ϫ/Ϫ mice, we hypothesized that Mtg16 Ϫ/Ϫ enteroid plating efficiency, a surrogate marker for stem cell survival or growth, would be similarly impacted. To test this, mice were dosed with 12 Gy radiation and crypts were isolated and plated in Matrigel containing ENR 4 h later. We observed a 70% increase plating efficiency in Mtg16 Ϫ/Ϫ enteroids 24 h after plating (Fig. 6A) .
Given that specific gene expression programs are modified after intestinal injury and during regenerative phases, we sought to determine if Mtg16 was regulated in response to radiation-induced injury. Using a well-characterized Sox9 transgenic model (18, 24) (24) . In the present study, quantitative RT-PCR on these populations for Mtg16 indicated no significant difference in Mtg16 levels across populations; however, after irradiation, Mtg16 was specifically downregulated in the Sox9-EGFP Low stem cell-enriched compartment and increased in the Sox9-EGFP Negative cells (Fig. 6B ). Thus these data suggest that MTG16 levels are regulated during the regenerative phase after radiation-induced injury.
DISCUSSION
The goal of the present study was to investigate the role of MTG16 in the small intestine by examining the effect of Mtg16 deletion on baseline mucosal homeostasis and response to injury after ionizing radiation. At baseline,
Mtg16
Ϫ/Ϫ mice demonstrate higher intestinal proliferation Ϫ/Ϫ mice. The letter "V" denotes viable crypts and the letter "S" denotes sterile crypts. Mtg16 Ϫ/Ϫ (n ϭ 8) mice have a higher percentage of surviving crypts than WT (n ϭ 6; ***P ϭ 0.0002). Crypts were considered viable if 3 or more mitotic bodies were observed per crypt. Forty sequential, well-aligned crypts in the distal one-third of the small intestine were counted per data point. The percent of surviving crypts was calculated using the following equation: (# of viable crypts/total # of crypts counted) ϫ 100. C: terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) staining demonstrated a reduction in the number of TUNEL ϩ cells in Mtg16 Ϫ/Ϫ (n ϭ 6) vs. WT (n ϭ 5; **P ϭ 0.001). All images were captured at ϫ10 magnification. and altered lineage allocation. Mtg16 Ϫ/Ϫ enteroids were hyperresponsive to Wnt activation and exhibited delayed progression to mature enteroids, suggesting altered stem cell activity in the Mtg16 Ϫ/Ϫ intestine. After irradiation, Mtg16 Ϫ/Ϫ mice were protected from DNA damage and had decreased p53 activation. Additionally, Mtg16 Ϫ/Ϫ crypts isolated from mice at 4 h after 12 Gy radiation had increased plating efficiency, indicating an epithelial cell-autonomous role for MTG16 in protecting crypt stem cells. Lastly, examination of Mtg16 expression in isolated stem cells at the time of crypt regeneration demonstrated that Mtg16 expression was reduced in stem cell populations.
Despite an increase in proliferation in the Mtg16 Ϫ/Ϫ mice, we did not observe a difference in gross morphology or morphometry. There are multiple factors that influence crypt morphometry, with apoptosis and proliferation each partially contributing to overall crypt depth or villus height. We suspect that the rather subtle, but significant, increase in proliferation may be insufficient to influence mucosal morphometry in the Mtg16 Ϫ/Ϫ mice. Mtg16 Ϫ/Ϫ mice exhibit hematopoietic lineage allocation defects with skewing of early myeloid progenitor cells toward granulocytic/macrophage lineages and a reduction in megakaryocyte-erythroid progenitor cells (10) . We report that these lineage allocation differences are not limited to hematopoiesis, as Mtg16 Ϫ/Ϫ small intestine also has decreased goblet cell numbers. While the functional role of goblet cells in radiation injury is unclear (5, 12, 22) , it is possible that decreased goblet cells in Mtg16 Ϫ/Ϫ mice might impact crypt viability after radiation injury.
While we report higher crypt viability after radiation than what others have previously reported (36), we believe that differences in technique may account for this apparent discrepancy. With a Swiss-rolling technique and examination of 40 sequential, well-aligned crypts in the distal one-third of the small intestine at this time point and radiation dose, we reproducibly observed crypt viability in the 60 -80% range in WT mice. We observed significantly higher crypt viability in the Mtg16 Ϫ/Ϫ mice, suggesting either greater viability and survival postirradiation or faster crypt regeneration. Other methods of assessment, such as evaluating cross sections of the small intestine, often score lower indexes of viability (36) . Given our experimental design, we may also have higher crypt viability indexes because regeneration occurs at 96 h postradiation, and it is possible that dead crypts may have Ϫ/Ϫ and WT intestinal crypts (P ϭ 0.14). Plating efficiency was calculated using the following equation: (total # of crypts that formed enterospheres at 24 h/total # of crypts plated at 0 h). B: plating efficiency was calculated for crypts embedded in Matrigel containing Wnt3A ϩ ENR (WENR). Mtg16 Ϫ/Ϫ enteroids exhibited higher plating efficiency than WT enteroids (*P ϭ 0.03) C, left: enteroid morphology at 24, 48, and 72 h (ϫ10 magnification). C, right: Mtg16 Ϫ/Ϫ enteroids exhibited delayed enterosphere progression to budding enteroids at 72 h (enterosphere: ***P Ͻ 0.0001; budding enteroids: **P Ͻ 0.001). E, enterosphere; B, budding enteroid. Experiments were performed in duplicate and repeated 3 times. already been cleared by this point and thus would not be factored into our assessment.
While decreased phosphorylation of H2A.X in the Mtg16 Ϫ/Ϫ mice suggests accelerated repair and decreased DNA damage in this cohort, an alternative consideration is that MTG16 regulates the phosphorylation of H2A.X in response to irradiation and triggers activation of DNA repair machinery. Thus Mtg16 deletion may result in a failure to recognize damage after radiation due to compromised phosphorylation of H2A.X, and Mtg16 Ϫ/Ϫ mice may suffer DNA damage and have defective initiation of repair mechanisms. Another important consideration for these studies is that while Mtg16 Ϫ/Ϫ mice exhibit decreased apoptosis after radiation compared with WT mice, there is a possibility that intestinal cells that escape apoptosis may later undergo mitotic catastrophe, an indication of failed DNA repair. This phenomenon has been observed in p53 Ϫ/Ϫ mice (20) . We did not test this as Mtg16 Ϫ/Ϫ mice do not survive, secondary to marrow failure, even at lower doses of radiation. This experiment may be performed when Mtg16 floxed mice become available.
After irradiation, and at time of crypt regeneration, Mtg16 expression is reduced in Sox9-EGFP Low stem cell-enriched compartments. Microarray analysis of Sox9-EGFP Low stem cell has shown that genes involved in differentiation, crypt repair, and radiation-induced apoptosis are repressed in Sox9-EGFP Low cells (24) . Given this evidence, we postulate that lower MTG16 levels may permit activation of stem cell programs promoting epithelial reconstitution. We also observed that Mtg16 expression is increased in Sox9-EGFP Negative populations. As previously reported by van Landeghem et al. (24) , Sox9-EGFP Negative cells are enriched for differentiated lineages. Thus, MTG16 might repress stem cell programs and allow differentiation to progress after injury in this population of cells.
The Wnt signaling pathway plays an important role in regulating intestinal epithelial stem cell function (15, 19, 37) . We have previously shown that MTG16 competes with ␤-catenin for TCF4 occupancy and that the absence of MTG16 results in increased epithelial proliferation (11, 34) . In support of enhanced TCF4 activity in response to Wnt, baseline characterization of Mtg16 Ϫ/Ϫ crypts in the enteroid culture system showed increased plating efficiency and delayed maturation in the presence of Wnt3A. Furthermore, several lines of evidence support a role for WNT/␤-catenin signaling in survival of stem/progenitor cell populations after radiation (23, 48) . Ex vivo studies presented here show that enteroids isolated from irradiated Mtg16 Ϫ/Ϫ mice have increased survival compared with WT enteroids. Together, these data suggest that MTG16 may be important in modifying survival programs in stem cell populations after radiation.
Our findings indicate that MTG16 is critical for multiple aspects of small intestinal homeostasis and response to injury. Specifically, MTG16 controls goblet cell allocation, controls enterocyte proliferation, and is important in radiation-induced injury responses. Importantly, because current treatment modalities are aimed at targeting the symptoms of radiation enteritis (21) , this study offers promise in understanding the underlying molecular mechanisms that regulate responses to radiation therapy. 
